Upon mixing with metal ions such as Cd II , Tb III , Cu II , Ni II , Pb II , Zn II , and Co II at pH 10.0, solutions of silver nanoparticles (AgNPs) coated with calix[4]arene-p-tetrasulfonate (CAS-AgNP) exhibited multi-coloration from yellow to orange, violet, and green, depending on the metal elements present, which allowed for visual discrimination of the ions. This is contrary to the AgNP sensors exhibiting a uniform color change from yellow to red upon binding of a receptor molecules at the surface of AgNPs to an analyte. The TEM images of the samples obtained from the resultant solution showed two regions. First, a region where CAS-AgNPs assembled on the surface of the metal hydroxides. The size of the hydroxide crystals varied from 50 to 200 nm with the type of metal element present, and roughly correlated with the extinction band of the aggregated AgNPs. Second, the amorphous region in which CAS-AgNPs dispersed randomly. The difference in the amount of the crystal region and the area seemed to lead to the multi-coloration.
Introduction
Gold nanoparticles (AuNPs) have been widely used as sensors in analytical fields, because of their distinct color change upon aggregation when triggered by analytes. 1, 2, [3] [4] [5] [6] [7] Another advantage of these nanoparticles is the feasibility to design sensor systems through coating the AuNPs with a receptor that can selectively bind to a specific analyte. For example, a target nucleotide can be detected by AuNPs modified with a complementary nucleotide, which undergoes a red-to-purple color change upon hybridization. 8, 9 In this way, a wide variety of analytes can be detected with AuNPs coated with receptors, such as antibodies, 10, 11 aptamers, 12, 13 and host molecules. 14 Silver nanoparticle (AgNP) sensors have also become popular because they can afford sharper extinction bands with higher extinction coefficients. 1, [15] [16] [17] [18] [19] [20] Owing to the vase-like shape required to accommodate a guest molecule, calixarene has been used as the receptor molecule for AgNPs. [21] [22] [23] For example, AgNPs coated with calix [4] arene-p-tetrasulfonate (CAS) in aqueous solutions change their color from yellow to red by aggregation through bridging of the AgNPs by inclusion of a guest molecule, such as histidine 21 and isocarbophos 22 to CAS molecules on different particles.
Thiacalixarene is an analogue of calixarene in which methylene bridges are replaced with sulfur bridges. [24] [25] [26] The chemistry of thiacalixarene is interesting because it can bind metal ions by sulfur bridges, which is not possible with normal calixarenes. 24, 26 Since two thiacalixarene molecules are bridged upon binding to metal ions, [27] [28] [29] we hypothesized that AgNPs coated with thiacalixarene could be bridged by metal complexation, and lead to the colorimetric sensing of metal ions. Instead, we unexpectedly found that CAS-coated AgNPs (denoted as CAS-AgNPs from now on) showed multi-coloration from yellow to green, grey, orange, and purple depending upon the type of metal element present. Herein, we report for the first time on this coloration behavior, and elucidate the possible mechanisms involving metal hydroxides, which are different from the mechanism through receptor-analyte binding.
Experimental
Materials CAS was purchased from Sugai Chemical Industry Co., Ltd. (Wakayama, Japan). NaBH4 (min. 90.0%) was purchased from Wako Pure Chemical Industries, Ltd. (Osaka). N-Cyclohexyl-3-aminopropanesulfonic acid (CAPS) was obtained from Dojindo Laboratories (Kumamoto, Japan).
Thiacalix [4] arene-ptetrasulfonate (TCAS) was prepared as described elsewhere. 30 A stock solution of 0.01 M Ag I was prepared by dissolving AgNO3 (99.8%, Kanto Chemical Co., Inc., Tokyo) into 0.01 M HNO3. The factor was determined by photometric titration with TCAS. Stock solutions of other metal ions were prepared by dissolving metal salts of chlorides or nitrates into 0.01 M HNO3 and standardized by accepted chelatometry. 31 Deionized water prepared with Elix Advantage 5, Merck-Millipore was used throughout this study.
Equipments
JASCO V-630 spectrophotometer was used to record the UV-vis spectra. For measuring the FT-IR, a Nicolet 6700 spectrophotometer manufactured by Thermo Fisher was used.
Particle size analysis by dynamic light scattering was performed with an SZ-100 nanopartica manufactured by Horiba Ltd. (Kyoto). For a transmission electron microscope (TEM) measurement, a field-emission scanning transmission electron microscope (FE-STEM), Model HD-2700 of Hitachi High Technologies (Tokyo), was used. For a scanning electron microscope (SEM) measurement, a FE-SEM Model S-4800 of Hitachi High Technologies was used.
Preparation of AgNP solutions
For CAS-coated AgNP, we followed the reported protocol. 21 Briefly, after preparing an aqueous mixture of 4 × 10 -4 M AgNO3 and 4 × 10 -4 M CAS, the solution was stirred for 30 min. Then, the powder of NaBH4, the amount of which was to give a final concentration of 4.0 × 10 -3 M in the mixture, was added to the solution being stirred. After addition, the mixture was kept stirred for 3 h, which was long enough for excess NaBH4 to be oxidized by the dissolved oxygen, to afford CASAgNP. Solutions of TCAS-AgNP and bare AgNP were obtained by the same procedure when using TCAS and without using CAS, respectively. The AgNP were characterized by FT-IR, DLS, and TEM measurements (see Supporting Information).
Measurements
For the FT-IR measurement, the CAS-AgNP solution was concentrated by evaporation and dropped on a PTFE membrane filter (0.5 μm pore size, Advantec Toyo, Tokyo). After placing the filter in a desiccator containing silica gel, the solvent was evaporated to dryness to give a sample for the ATR measurement. For the TEM measurement, the sample was prepared by dipping a TEM grid (Cu 200 mesh covered with a Nisshin EM collodion membrane; Nisshin EM Co., Ltd., Tokyo, Japan), which was then placed in the desiccator to evaporate the solution to dryness. For the SEM measurement, carbon double sided tape (8 mm × 20 m, LE28Z, Nisshin EM Co., Ltd.) was cut, dipped into a sample solution, and dried in a desiccator containing silica gel. To a vial containing 0 -5.0 × 10 -5 M metal ion (1.0 mL), a 0.5 M CAPS buffer (100 μL) and a AgNP solution (900 μL) were added. After allowing to stand for 1 h, the vial was photographed to record the color. To measure the UV-vis spectra, the mixture was diluted by a factor of 10 with deionized water.
Results and Discussion

Multiple coloration of CAS-AgNP
To a solution containing metal ions, such as Cd II , Co II , Cu II , Ni II , Pb II , and Tb III , solutions of CAPS buffer (pH 10.0) and AgNPs were added to observe the color change. These metal ions were chosen because they form a metal complex with TCAS in aqueous solutions. 32 When TCAS-AgNP was used, the solution color remained yellow (Fig. S6 ). This may have been caused by the loss of added metal ions due to the formation of a complex with an excess amount of free TCAS accompanied by TCAS-AgNPs from the preparation stage.
In the case of CAS-AgNP, by contrast, each solution showed a distinct color change upon the addition of metal ions (Fig. 1a) . Furthermore, the resulting color was different between the different metal elements, suggesting that CAS-AgNP can be applied for the visual discrimination of these ions. Notably, in usual AgNP sensors, the color change is almost the same for different sensor-analyte combinations: the yellow color of the AgNP sensor changes to a brown color after binding of the analyte to the receptor at the surface of the AgNP.
1 This is because the AgNP color, which originates from the localized surface plasmon resonance (LSPR), depends on the distance between the AgNPs. In the case of CAS-AgNP, the binding of histidine and isocarbophos to CAS leads to aggregation, which results in the same yellow-to-red color change. 21, 22 By contrast, the present case exhibited different coloration among analytes, suggesting that the response mechanism is different from that through receptor-guest binding. In addition, the coloration with CAS-AgNP was rapid and completed within 5 -10 min for 5 × 10 -5 M metal ions. UV-vis spectra of CAS-AgNP solutions containing the metal ions were measured in the presence or absence of other metal ions (Fig. 2) . The CAS-AgNP without additional metal ions exhibited an extinction maximum at 391 nm, assignable to the dispersed CAS-AgNPs. 1, 15, 16 For samples containing other metal ions, a new LSPR band at around 450 to 600 nm appeared, while the extinction at 391 nm decreased. This is indicative of CAS-AgNP aggregation, which changes the LSPR properties. The wavelengths of the LSPR band for the aggregated CASAgNPs are roughly in the order:
This may give some indication of the aggregate size of the CAS-AgNPs, since larger particles exhibit a red-shifted LSPR band. 33 In addition, the intensity and maximum of the LSPR band for assembled AgNPs do not correlate with each other. Thus, the LSPR bands for the dispersed and assembled AgNPs with different intensity and wavelength should lead to multicoloration.
Before investigating the mechanisms of multi-coloration, we confirmed whether CAS on the surface of the AgNPs was essential: upon the addition of the metal ions to the solutions of bare AgNP, they did change their color, but to the same dark green (Fig. S7) . Furthermore, as clearly demonstrated with the Cd II solution, each solution exhibited a precipitate. These observations showed that the CAS played an essential role in the multi-coloration. Since CAS does not form a metal complex with the metal ions at pH 10.0, 34 the mechanism through aggregation by receptor-analyte binding is ruled out. It should be noted that all of metal species with a concentration of 5.0 × 10 -5 M form hydroxides at pH 10.0, as judged by the solubility product (Table S1) (Fig. 1b) . Evidently, the formation of metal hydroxides rather than binding to CAS seems to be relevant in the multi-coloration mechanism.
Mechanism of multi-coloration
To investigate how the CAS-AgNPs aggregated in the presence of metal hydroxides, TEM images were obtained for the CASAgNP solutions showing coloration upon addition of the metal ions at pH 10.0. For example, Fig. 3a shows one of the typical TEM images of the CAS-AgNP solution containing Cd II . As can be seen, there were two regions: in region A, the AgNPs were assembled on nanometer-sized cubic structures, whereas in region B, the AgNPs were dispersed as black dots. The size of region B was as large as several μm (Fig. 3b) . EDX analysis was performed on the Ag and Cd (Figs. 3c and 3d) to confirm that the black dots in Fig. 3a were assignable to the AgNPs. It appears that the cubic structures assembled the AgNPs on their surface. Figure 3d shows that the Cd II dispersed, but more densely in the cubes. Judging from the distinct cubic shape, Cd II seemed to form cubic crystals of hydroxides. This was confirmed by the SEM of Cd(OH)2 obtained from a solution of pH 10.0, without containing AgNPs, which showed the same cubic structures of a similar size (Fig. S8) . Therefore, the coloration mechanism can be postulated as follows: upon the mixing of Cd II and the CAS-AgNP at pH 10.0, amorphous Cd(OH)2 forms in which the NPs are dispersed evenly. Afterwards, the crystalline Cd(OH)2 grew while excluding CASAgNPs at the surface to result in an assembly with different LSPR properties.
For other metal ions, the regions akin to crystalline region A and amorphous region B were observed (Fig. S9) . This should be attributed to the size of the hydroxide crystals. Interestingly, the order (Eq. (2)) agreed quite well with that of the extinction wavelength of the aggregated AgNPs (Eq. (1)), except for with Tb III . Therefore, it can be concluded that the size of the hydroxide crystal is the key factor affecting the extinction band of the assembled AgNPs and the coloration. For Tb III , the extinction wavelength of the CAS-AgNP solution was one of the smallest (Eq. (1)), but its size was one of the largest (Eq. (2)). This exceptional behavior may be related to the microenvironment at the hydroxide surface being different from that of valence-two metal cations, leading to a difference in the LSPR.
However, one question remains: how CAS at the surface of the AgNP is involved in the multi-coloration upon formation of hydroxides, rather than by the uniform color change among metal species, as exemplified by the case of bare AgNP (Fig. S7) . In the latter case, the AgNPs formed a randomly arranged aggregation of micron size, as shown by a TEM image (Fig. S10) , suggesting immediate precipitation of the AgNP aggregates upon the formation of hydroxides. In the case of the CAS-AgNP, CAS should stabilize the surface energy of the AgNP to retain it in the amorphous hydroxide, as in the case of aqueous solutions. This may allow the AgNPs time to assemble on the surface of the hydroxide crystals during their ripening.
Response to concentration of metal ions
In view of the visual detection of the metal ion, it would be interesting to see the concentration dependence of the coloration. For Cd II , the concentration in the final solution was varied in the range of 0 -5.0 × 10 -5 M (Fig. 4a) . As can be seen, when the concentration was 5.0 × 10 -7 M, no color change was detected, because Cd(OH)2 did not form. When the concentration was 1.0 × 10 -6 M, the yellow color was enhanced and the color changed to orange at above 2.5 × 10 -5 M. At 5.0 × 10 -6 M, the color was dark purple, and the color became lighter above this concentration. The UV-vis spectra of the solutions exhibited two LSPR bands corresponding to the dispersed AgNP and AgNP assembled on the Cd(OH)2 crystals (Fig. 5) . As the concentration of Cd II increased, the band at 391 nm for the dispersed AgNP decreased. For the aggregate band, the extinction maximum shifted to a longer wavelength and subsequently, shifted back to a shorter one above 5.0 × 10 -6 M, which corroborates the color change (Fig. 4a) . As the color or extinction of the assembled AgNPs depends on the size of the hydroxide crystals, the concentration dependence suggests the formation of an entity larger than the Cd(OH)2 crystals (ca. 100 μm, see Table 1 ). In fact, the TEM image obtained of the solution containing 5.0 × 10 -6 M Cd II shows regions in which the AgNPs were densely, but randomly, aggregated (Fig. S11) , and larger than the size of the Cd(OH)2 crystals. This may lead to a different LSPR absorption of the dispersed AgNPs compared to the assembled ones on the Cd(OH)2 crystals.
The concentration dependence of the color and UV-vis spectra for other metal ions follows the same behavior. For example, in the case of Co II , the color turned to slightly black at 1.0 × 10 -6 M (Fig. 4b) , suggesting extinction over a wide wavelength range. This was confirmed by the absorption spectra, showing a very broad band from 500 to above 1500 nm (Fig. S12) . A further increase in the Co II concentration up to 1.0 × 10 -5 M enhanced the black color. This suggests that in this concentration range, aggregates of CAS-AgNP existed with a wide variety of sizes, and thus, the LSPR properties. In fact, we observed such aggregates in a TEM image (Fig. S13) . Above 2.5 × 10 -5 M, the color changed to reddish, showing that aggregated species changed to assembled ones on the Co(OH)2 crystals. As mentioned above, Tb III showed exceptional behavior in terms of the relationship between the LSPR band (Eq. (1)) and the size of the hydroxide crystal (Eq. (2)). However, the concentration dependence of the color change (Fig. 4c) , and the spectral shift (Fig. S14) followed the same behavior as for the other ions. This indicates that the mechanism of the response to the metal ions is quite likely to be from the change from dispersed to assembled CAS-AgNPs on the hydroxide crystal via larger aggregates. Thus, it was shown that the CAS-AgNP/metal hydroxide system can be applied to the visible detection of metal ions in the 10 -6 -10 -5 M range.
Conclusion
We showed the multi-coloration of CAS-AgNPs upon the addition of metal ions at pH 10.0. The source of the color was explained by the assembly size of CAS-AgNPs on the hydroxide crystals, which depended upon the added metal species, leading to a different LSPR band. During formation of the crystal, CAS seemed to prevent AgNP from precipitating out from the amorphous hydroxide, and thus allowed the assembly to take place. Hence, the CAS-AgNP could be a unique sensor to distinguish metal species by coloration, the mechanism of which is different from that used in common receptor-coated AgNP sensors.
